0.01 mass% of multi-walled carbon nanotubes (MWCNTs) were ball milled with Sn58Bi alloy powder and melted at 180°C for 60 s for the preparation of Sn58Bi/CNTs composites material. During the melting process, a large portion of carbon nanotubes escaped from the mixture. The morphologies of the carbon nanotube in Sn58Bi/CNTs composites were investigated by field-emission scanning electron microscopy (FE-SEM) which equipped with energy dispersive spectroscopy (EDS). Results showed that CNTs existed in the as-cast composite and the composite after remolten. The bonding between CNTs and the matrix was formed. The CNTs distributed well in the metal matrix and improved the element distribution for more uniform microstructure. The bonding mechanism of the Sn58Bi alloy with CNTs was discussed.
Introduction
Carbon nanotubes (CNTs) have great potential to be used as reinforcement material in the fabrication of the composite materials because of its excellent mechanical properties. 1, 2) K. Morsi et al.
3) studied the hardness and the compressive strength of CNTs-reinforced aluminum composite. R. George et al. 4) studied the strengthen mechanism of CNTs-reinforced aluminum composite and found that CNTs were pinned into the sub-grain boundary of the aluminum matrix. Recently, some researchers began to synthesize CNT-reinforced Sn AgCu or SnPb composites.
58) The reported results showed that CNTs could reduce the density of composite. The mechanical properties of matrix also could be improved. Most reported CNTs-metal composites were prepared by powder metallurgy method. Unfortunately, there was few method which can keep CNTs existed in the composites after the melting or re-melting process. The existence of CNTs in the low melting point metal composites after the melting process has not been reported yet.
In this work, the multi-walled carbon nanotubes were selected as the reinforcement for Sn58Bi/CNTs composites preparation. The Sn58Bi/CNTs composites was prepared with the ball milling method followed with low temperature melting process. The morphology of CNTs in Sn58Bi/ CNTs composites was also investigated with SEM. The bonding mechanism between CNTs and Sn58Bi matrix was discussed.
Fabrication of Sn58Bi/CNTs Composites
The commercial gas-atomized Sn58Bi alloy powders with the diameters ranging from 2575 µm were used as the metal matrix material. The average diameter and the length of the multi-walled CNTs (CNano Co. Ltd.) were 11 nm and 10 µm, respectively. The SEM images of the Sn58Bi alloy powders and CNTs were shown in Figs. 1(a) and 1(b) , respectively. The Sn58Bi powders and 0.01 mass% CNTs were pre-weighted and then mechanically mixed by the ball milling method with a speed of 300 r/min for 50 min in an argon atmosphere. The mixture which contained Sn58Bi and CNTs was then mixed with the rosin organic molten salt uniformly and heated at 180°C for 60 s. The formed composite was remelted at a low temperature of 180°C for the observation of CNTs in the re-molten composites.
(b) (a) Figure 2 shows the SEM micrographs of the Sn58Bi powders after the ball milling process. The spherical solder powder was deformed, as shown in Fig. 2(a) . Furthermore, some of CNTs attached on the surface of the Sn58Bi powder, as shown in Fig. 2(b) . Some individual CNTs have pinned into the powder. During the ball milling process, the grinding balls rotated and compressed the solder powders to deform. Some individual CNTs were involved in the deformation and were embedded in the deformed solder powders. Obviously, the deformation of the solder powders caused by the grinding ball was beneficial for the uniform distribution of CNTs in the mixture.
The melting process of Sn58Bi/CNTs composites included two steps: (1) Melting of the organic salt. When temperature reached 120°C, the organic salt started to melt and then reacted with the oxides on the surface of the alloy powder. During this process, a large portion of CNTs floated on the surface of the liquid organic salt. As the density of CNTs (1.35 g/cm 3 ) is much lower than that of the Sn58Bi alloy (8.75 g/cm 3 ), most of the individual CNTs float from the alloy powders due to the buoyancy caused by the density difference. (2) Melting of Sn58Bi alloy powder. When the temperature reached 138°C, which was the eutectic temperature of the Sn58Bi alloy, the alloy began to melt. The black material was wiped off from the melt, and could be observed on the surface of the as-cast alloy. Then the microstructure and the fracture surface of the casted composite were observed.
When the Sn58Bi/CNTs alloy which got from the methods above was re-melt at 180°C again, the flotation phenomenon of the CNTs disappeared. The fracture surfaces of which obtained from the tensile method was also studied.
The Morphology Characteristics of CNTs in Sn
58Bi/ CNTs Composites Figure 3 shows the microstructure of Sn58Bi alloy and Sn58Bi/0.01CNTs composite. Sn-rich proeutectoid phases existed in the Sn58Bi alloy but disappeared in Sn58Bi/ CNTs composites. Besides, the microstructure appeared uniformly adding with CNTs in the composite, which indicates that the CNTs addition promoted mass transfer and element homogenization in the molten solder. CNTs tended to move towards the surface of molten solder because of the density difference mentioned before. This movement drove material flows in the liquid and accordingly improved element distribution for more uniform microstructure. The lamellar distribution of two main phases is observed in Fig. 3(b) , the dark area and the white area were proved as Snrich phase and Bi-rich phase, respectively. 9) However, the partial enlarges image illustrates that some approximately circular black phases dispersed in the Sn58Bi matrix as Fig. 3(c) . The EDS analysis results at Point A in Table 1 prove that the dispersive black area was a carbon-rich phase, while the results at Point B indicate that there were only Sn and Bi elements in this area and no carbon was detected. As the composite was the mixture of Sn58Bi alloy and CNTs, carbon at Point A was believed to be from CNTs. The microstructural study indicated that through ball milling method and followed with low temperature melting process, some CNTs could be incorporated with Sn58Bi alloy matrix successfully in spite of the limited amount of CNTs.
To further explore the morphology of CNTs in Sn58Bi/ CNTs composites, high magnification observation was conducted on the fracture surface of the as-cast composite and the re-molten composite. CNTs could be observed in both composites (as shown in Fig. 4 and Fig. 5 ). In Fig. 4(a) , both ends of a CNT were embedded in the solder matrix. In Fig. 4(b) , one end of a CNT was firmly embedded in the composite matrix and the other end had been pulled out during the tensile process. As shown in Fig. 5(a) , one end of a CNT was firmly embedded in the re-molten matrix too, and parts of a CNT can be seen in Fig. 5(b) . The existence of these CNTs confirmed that some CNTs have been incorporated into the metal matrix successfully. As there is no reaction or dissolution between CNTs and Sn58Bi alloy at such a low temperature, CNTs was supposed to be pushed to the grain boundary of the composite matrix during the solidification process.
From the phase diagrams, it was known that there is no possibility to form any compound, eutectic, or solid solution between C and Sn or Bi. Hence, it was supposed that because of the non-reaction wetting between the reinforcement and the matrix, some CNTs can exist at the grain boundary of the composite. 10, 11) The driving force of the wetting and the adhesion at the interface of the metal/carbon would be van X. Lv, T. Lin, J. Wang, J. An and P. Heder Waals interaction and dispersion forces. Thermodynamically, surface tension of the liquid metal determines its wettability on certain solid surface. The non-reaction wetting behavior between CNTs and the matrix was observed in Fig. 6 . Obviously, a few CNTs which were embedded in the solder powders would stay at the grain boundary as the impurities during the process of nucleation and grain growth process. The wetting behavior between CNTs and molten Sn-58Bi could be further studied.
Conclusion
The multi-walled CNTs were successfully retained in Sn 58Bi alloy through the ball-milling method and the low temperature melting process. During the melting process, though a large portion of CNTs escaped, there were a few CNTs stay in the as-casted composite. The residual CNTs would not escape from the composite even during re-melting process. CNTs have distributed uniformly in the composite.
